Abstract-Biologically inspired snake-like robot has been widely studied for its unique motion patterns. To achieve self-adaptive locomotion, a sensor-driven snake-like robot SR-I has been developed. Such robot can achieve self-adaptive locomotion by coupling sensory information with the motion control system. The design of the mechanism and control system of this sensor-driven snake-like robot is presented in the paper. Based on the sensory information, the implementations of terrain-adaptive locomotion and collision-free locomotion are investigated respectively. The performance of the collision-free locomotion is verified by conducting an experiment on the robot in an environment with obstacles.
I. INTRODUCTION
Inspired from the principle of snake motion in nature, the advantages of this unique motion pattern are studied to be applied to a snake-like robot. Development and control of snake robots is generally quite challenging work. As we known, a snake robot has many degrees of freedom, which means that the physical mechanism will contain a complex interconnection of sensors, actuators, and control logic. The high degree of freedom represent complex nonlinear dynamics which is challenging to analyse from a control design perspective. Moreover, the dependence on environment interaction is more complicated for a snake robot than for more conventional mobile robot. A snake robot, on the other hand, has no separate part which is dedicated to propulsion. The propelling force of the serpentine motion comes from the interaction of the snake robot with the ground just by swinging the joints from side to side. Motion based on such environment interaction is challenging both with respect to control design and mechanical design.
In recent years, many studies have been carried out to realize an environment-adaptive locomotion of the snakelike robot. Some of them are based on ingenious mechanism design to adapt to the surroundings passively, including wheel-less snake-like robots for an obstacle-aided locomotion in [2] [3] , and a snake-like robot utilizing passive joints in [4] . Others, which are also dominant, rely on an operator to control the robot actively to adapt to the unstructured environment. Energy-based control method for the snakelike robot to adapt to different friction and slope was also proposed in [5] . Crespi and Ijspeert take online optimization of swimming and crawling in an amphibious snake robot by neural control method [6] . However, the above methods are all based on the motion planning or human controlled system, which have little self-adaptive ability.
To enhance the autonomy of the snake-like robot, researchers have also proposed many kinds of sensor-based solutions. One of the first such explorations appears to be the ACM-III wheeled snake robot, which is equipped with tactile sensors along its body and demonstrates the movement inside narrow corridors and adaptive coiling around objects [1] [7] . Paap and Christaller [8] realized a semi-automatic motion of the snake robot by scanning the environment with a video camera and two ultrasonic sensors. Sfakiotakis and Tsakiris [9] used numbers of distance sensors to collect the information of surroundings and navigate an undulatory robot in a complex corridor.
The goal of this research is to propose a feedback system coupling with the sensory signals and realize a self-adaptive locomotion of the snake-like robot. A sensor-driven snakelike robot SR-I is designed to realize the ability of environmental adaptation. This paper extends our previous study [10] where a neural oscillator network has been proposed and implemented to a snake-like robot. In our study, to obtain the environmental information, two kinds of sensors are introduced into the control system of the snake robot. One is the pressure conductive sensor and another one is the IR range sensor. They can be used to get ground information and obstacle information respectively. Terrain-adaptive locomotion and collision-free locomotion are investigated based on this kind of sensor-driven snake robot. During the investigation of the collision-free behavior, a head-navigated motion is introduced to get effective obstacle information in front of the robot. By the use of this proposed sensor-driven system, the snake-like robot can successfully perform selfadaptive locomotion.
This paper is organized as follows. We will first describe the mechanical design of our snake-like robot SR-I in Section II. The detail control system will be given in Section III. The overview of SR-I is shown in Fig. 1 . The robot model is composed of 10 segments which are connected serially. Each segment is connected by joints with 2 DOFs which can rotate on a vertical axis (yaw) and a horizontal axis (pitch). The whole length of the robot is about 1.3 m. The mechanical specifications of the robot are shown in table I.
Proceeding of the IEEE
The mechanical structure of the joint unit is shown in Fig. 2 . The original works of Hirose [1] have given out the mechanism for imitating snake-like locomotion. During the process of progressing, due to the particular scales and ribs of the snake, the friction coefficient of the contact in the normal direction with respect to the main axis of the segment is significantly greater than the tangential one. By installing a passive wheel on snake-like robot, we can imitate these biological characteristics of the snakes in nature. The propelling force of the serpentine motion of a snake-like robot comes from the interaction between the passive wheel and the ground by swinging the joints from side to side. From the Fig. 2 , we can find that the link of the robot is composed of two motors and passive wheels which are fixed with a framework.
To allow autonomously adapted motion of the snake-like robot according to the surroundings, the sensory information should be coupled into the control system. Herein two kinds of sensors have been installed on the snake-like robot as peripheral receptors. One is the pressure conductive sensor which is used to detect ground information. The setting of the pressure sensor is shown in Fig. 3 each wheel of the snake robot. By the using of a linear guide the contact force between the wheel and the ground can be detected. Another one is the IR range sensor which is used to get surrounding obstacle information. The arrangement of the sensors is shown in Fig. 3 (b) . Three IR sensors are installed on the head of the snake robot with certain angle to get the obstacle information. 
(a). It is mounted on

III. CONTROL SYSTEM
The creeping motion of a real snake is generated by the rhythmic swing of the vertebrae. For the snake-like robot, one joint corresponds to one vertebra. Each joint needs an oscillator to imitate the muscle extension and contraction during the rhythmic swing of the body. For the control system of the snake robot, an oscillation network is constructed to generate a series of successive rhythmic signals with a certain phase difference. This control system should allow us to achieve coordination between large numbers of joints in the robot. When the rhythmic signals implement on the joint motors as angle values, the robot can perform desired serpentine motions.
A. Design of Control System
Master send The design of of the control system in the snake-like robot is shown as Fig. 4 . One module corresponds to one driving motor at each joint. The motor controller is based on a dsPIC microcontroller (dsPIC33FJ64GP202), which drives the angle of the RC servo motor (FUTABA S3305) directly by the PWM signals. Furthermore, I2C bus has been adopted to realize the communication of the oscillation network. The direction of signal transmission is based on the ID address of each MCU. The flow chart of processing procedure in the MCU is shown in Fig. 5 . The sensing equipments described in section 2 are connected with MCU with A/D port. Furthermore, a wireless module (XBee-PRO Module) using 2.4GHz band is installed on the head module to transmit or receive signals. This can allow us to monitor the sensory information online or send high-level command by PC. The circuit board is designed as Fig. 6 . The difference between the head module and the joint module is that the former has wireless communication. Due to the limited space of the snake-like robot, the size of both circuit boards are 40 × 52 (mm).
B. Design of Control Signals
The reference angles of the joints are calculated from a neural oscillator network proposed in our previous work [10] . Based on this neural oscillator network with feedback connection, it can generate desired rhythmic signals for the undulatory motions. The neural oscillator network includes n modules which have m neurons can be described in a group of basic equations. For the j-th neuron of the i-th oscillator, its mathematical model can be described by
where n is the number of CPG modules in the network; m is the number of neurons in one CPG module; s is the serial number of neuron connected to the j-th neuron; u j,i is the membrane potentials of j-th neuron in the ith CPG module; v j,i is the variable that represents the degree of adaptation; u 0,i is the tonic driving input; τ 1,i and τ 2,i are the parameters that specify the time constants for membrane potential and adaptation degree, respectively; β is the adaptation coefficient; w is the weight between neurons; w ik is the connection weight of the i-th module from the k-th module; y j,i is the output of j-th neuron in i-th CPG module; y out,i is the output of the i-th CPG module. How to perform the basic motion patterns by CPG-based controller has been described in [10] . The adaptive control signals can be generated by adjusting the parameters in the CPG network. To get a smooth gait transition for adaptive locomotion, a parameter-transmitting principle is defined. Initially, the snake-like robot creeps forward with symmetrical creeping locomotion. When a locomotion modifying command from the high central nerve system is sent to the first joint, the motion configuration of the head joint would be altered. After a fixed interval, the modification of the first joint is shifted onto the second joint, and so on. Herein the fixed interval is equal to the phase difference of the rhythmic CPG outputs. Using this kind of motion control system, it is possible to transmit the changed parameter from the head to the tail all the time, and realize a gait transition of the snakelike robot without altering the whole creeping configuration. Furthermore, it allows smooth operation of actuators and also closely matches the body curve of a real snake. This is a close approximation of the motor-neural mechanism of a snake [1] . Fig. 7 shows the schematic of the CPG parameter adjustment module which is coupled with the CPG network. This parameter-transmitting principle is used on the SR-I for self-adaptive locomotion and online motion optimization. 
IV. SENSOR-DRIVEN LOCOMOTION
The possibility of adaptive behaviors of a bio-robot is necessary while designing its motion control system. Based on the sensory information, the work of the recognition of unstructured environment and the selection of adaptive motion can be achieved through the reactive behaviors of the robot. Based on the use of pressure conductive sensors and IR range sensors, two adaptive motions are analyzed here.
A. Terrain-adaptive locomotion
During the normal serpentine locomotion on a flat ground, the yaw joints of the robot have been used. However, when the terrain is not flat, the pitch joints should be used to adapt with the change of the ground. By using the pressure sensor, the contact force between the wheel of each link and the ground can be obtained as Fig. 8 . To get a better motion performance, the wheels are always wanted to contact with the ground. So we want the joint of the robot can adapt with the ground without suspending. From  Fig. 9 , it can be found that one link of the robot will suspend in the air during up and down hills. The contact force of the suspending link is zero which can be detected by pressure sensors on the wheels. By rotating the front or rear joint until the sensors obtain contact force, the curve of the body will adapt with the ground. The joint angles are controlled by equation (2) to get adaptive configurations. When the detected contact force is larger than a defined threshold, the value of the f i is set as 1. A bias Δθ bias will be added on the joint angle until it get desired position. Based on this terrainadaptive locomotion, it can improve the performance of the creeping motion on the slope.
(b) Fig. 9 . Terrain-adaptive locomotion.
B. Collision-free locomotion
To obtain an autonomous collision-free behavior, the forward direction of the swinging motion is necessary. In the traditional serpentine locomotion, the head joint of the robot also swings from side to side as other joints. It is difficult to directly obtain the forward direction of the whole motion from the configuration of the joints. Inspired by an actual snake, the head of the snake-like robot could be controlled to lift up and keep the same orientation as the forward direction. In our previous research [11] , a head-navigated locomotion has been studied to maintain the head direction during the undulated locomotion. A demonstration of the proposed motion pattern is shown in Fig. 10 . The detailed calculation model for the head joint will not be introduced in this paper again, but it can be found in [11] . With the help of the proposed head-navigated locomotion, the environmental condition in front of the undulatory body could be detected conveniently by IR range sensors installed on the head module. According to the arrangement of the sensors as Fig. 11 , the desired tuning angle to avoid the obstacle can be calculated from trigonometric function. For simplicity, we only consider the snake-like robot moving on a flat ground. This means that the obstacle avoidance is just on the two-dimensional horizontal plane. Furthermore, the neural oscillator is used to generate desired adaptive locomotion. The implementation of the CPG-based neural controller on the snake robot will not be introduced which has been described in [12] . To testify the validity of collision-free locomotion, an experiment was carried out on our snake-like robot. Due to the limitation of the experimental space, the robot model is reassembled and composed of 4 joints which are connected serially. The rear three joints are rotated normally for serpentine motion which propels the robot to go forward. The first joint is used for the head-navigated motion which keeps its direction as the forward direction. The obstacles used in the experiment are some flat paperboards. With these paperboards, a corner with a vertical angle is built.
Initially, the snake-like robot will be placed in the left side with an arbitrary inclination angle. Experiment scenes of the autonomous obstacle avoidance are shown in Fig. 12 . Due to the limit of mechanism, the largest angle of the joint is about 45
• . Thus the turn angle of the robot in one period is also constrained to 30
• ∼ 40
• . During the experiment, the snake robot has performed turn motion four times (at time: 10s, 18s, 24s, 31s) to round the corner. It can be found that the snake-like robot has successfully avoided the obstacles with the help of the sensors. 
V. CONCLUSION AND FUTURE WORK
In this study, a sensor-driven snake-like robot SR-I has been introduced for adaptive locomotion control. The design of the mechanism and the control system has been described in detail. With the help of the sensory information, terrainadaptive locomotion and collision-free locomotion have been investigated respectively, which are based on the pressure conductive sensors and the IR range sensors. The complete controller was designed based on a neural oscillator network coupling with feedback input. This kind of sensordriven snake robot can perform self-adaptive locomotion corresponding to the environmental information without any human intervention.
As stated in the paper, the proposed design has been limited in a local adaption of the robot. To deal with a complex situation, more information of the environment needs to be collected. Thus a global or a high level controller should be considered to couple with the local control system in future, which could improve the performance and efficiency of the adaptive motions.
